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Abstract  
Development of fruit flesh texture quality traits may involve the metabolism of phenolic compounds. 
This study presents molecular and biochemical results on the possible role played by cinnamyl alcohol 
dehydrogenase (CAD; EC 1.1.1.195) during ripening [S3, S4 I (pre-climacteric) and S4 III 
(climacteric) stages] of peach [Prunus persica (L.) Batsch] fruit with different flesh firmness (NMF 
‘Oro A’/MF ‘Springcrest’ and ‘Sanguinella’) and colour (blood-flesh ‘Sanguinella’). Twenty-four 
putative full-length PRUPE_CAD genes were identified (in silico analysis) in the Peach Genome. The 
most abundant CAD isoforms, encoded by genes located on scaffolds 8 and 6, were probed by 
specifically developed anti-PRUPE_CAD sc8 and by anti-FaCAD (PRUPE_CAD sc6) polyclonal 
antibodies, respectively. PRUPE_CAD sc8 proteins (SDS- and native-PAGE/Western blot) seemed 
responsible for the CAD activity (in vitro/in gel assays) that increased with ripening (parallel to 
PRUPE_ACO1 transcripts accumulation and ethylene evolution) only in the mesocarp of ‘Oro A’ and 
blood-flesh ‘Sanguinella’. Accumulation of PRUPE_CAD sc8 transcripts (qRT-PCR) occurred in all 
three cultivars, but in ‘Oro A’ and ‘Springcrest’ it was not always accompanied by that of the related 
proteins suggesting possible post-transcriptional regulation. Flesh firmness, as well as levels of lignin, 
total phenolics and, where present (‘Sanguinella’), anthocyanins, declined with ripening, suggesting 
that, at least in the studied peach cultivars, CAD activity is related to neither lignification nor 
differences in flesh firmness (NMF/MF). Further studies are necessary to clarify whether the high 
levels of CAD activity/expression in ‘Sanguinella’ play a role in determining the characteristics of this 
blood-flesh fruit. 
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Abbreviations 
Abs, absorbance; 
APS, ammonium persulfate; 
BSA, bovine serum albumine; 
CAD, cinnamyl alcohol dehydrogenase; 
CCR, cinnamoyl CoA reductase; 
CTAB, cetyltrimethylammonium bromide;  
DAFB, days after full bloom; 
DEPC, diethylpyrocarbonate.  
DTT, dithiothreitol; 
EU, enzyme units; 
KLH, keyhole limpet hemocyanin;  
β-MSH, β-mercaptoethanol; 
PAGE, polyacrylamide gel electrophoresis;  
PMSF, phenyl-methyl-sulfonyl-fluoride; 
PRUPE, Prunus persica; 
PVPP, polyvinylpolypyrrolidone;  
REF1, Reduced Epidermal Fluorescence; 
RT, room temperature; 
TBS-T, tris buffered saline-tween buffer;  
TEMED, N,N,N',N'-tetramethylethylenediamine; 
Tris, tris(hydroxymethyl)aminomethane  
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Introduction 
Fruit breeding has traditionally privileged traits connected to fruit size and appearance, with 
organoleptic and nutritional properties remaining secondary goals (Monet and Bassi 2008). 
Nevertheless, nowadays consumers realize the connection between diet and health and therefore much 
more attention is given to the possibility of associating diet with prevention of a number of chronic-
degenerative diseases (Sloan 2008). Fruits and vegetables are rich in antioxidant and nutritional 
molecules produced by secondary metabolism, with particular regard to phenolic compounds. Fruits 
with higher phenolic contents generally show stronger antioxidant properties (Lima et al. 2014). 
Anthocyanins, the coloured natural compounds widely distributed in fruits and vegetables, confer 
bright attractive red-purple colours to plant-derived foods; they are important determinants of their 
sensory and nutritional qualities (Tomás-Barberan et al. 2000) and also possess notable anti-
inflammatory and antioxidant activity providing substantial health benefits to the diet (de Pascual-
Teresa 2014, Vauzour et al. 2010 and references therein).  
Flesh texture, highly dependent on the physico-chemical properties of the fruit cell walls, is an 
important determinant of fruit quality (Bassi and Monet 2008). Typical of fruit ripening is softening, 
mainly ascribable to the dissolution of the middle-lamellar pectic polysaccharides involved in cell 
adhesion. This phenomenon has deep effects on mesocarp tissue that progressively loses the stiffness 
of the juvenile phases to become soft and squashy. In peach (Prunus persica (L.) Batsch) fruit, 
evidences regarding different flesh firmness phenotypes, i.e., Melting Flesh (MF), Non Melting Flesh 
(NMF), Slow Melting Flesh and Stony Hard, indicate that the endo-PG gene and its protein product, 
endo-PG, are key factors in the determination of this trait (Ghiani et al. 2011, Lester et al. 1996, 
Morgutti et al. 2006, Peace et al. 2005), although other proteins, such as expansins, also play an 
important role in the determination of flesh texture (Hayama et al. 2003). 
Fruit flesh texture is also affected by polyphenols acting at the cell wall level. Lignification 
processes in loquat (Eriobotrya japonica; Cai et al. 2006a, 2006b, Shan et al. 2008) and mangosteen 
(Garcinia mangostana; Dangcham and Ketsa 2007, Dangcham et al. 2008) fruits result in greater flesh 
firmness, toughness of the texture or loss of juiciness. Changes in the expression/activity/balance of 
the main enzymes involved in lignin biosynthesis may affect fruit flesh texture. The expression of 
cinnamyl alcohol dehydrogenase (CAD; EC 1.1.1.195), which catalyzes the reduction of 
cinnamaldehydes to cinnamyl alcohols conditioning the availability of monolignols, precursors in 
lignin biosynthesis (Mansell et al. 1974), is higher in firmest fruits of loquat (Shan et al. 2008) and 
strawberry (Salentjin et al. 2003). CAD-deficiency may induce the production of lignin richer in 
aldehydes and more susceptible to degradation, leading to development of softer fruit (Salentijn et al. 
2003). In peaches, proteomic analysis of ripe fruit from NMF and MF phenotypes showed that the 
expression of a protein putatively identifiable as a CAD was significantly higher in NMF than in MF 
fruit (Prinsi et al. 2011). 
On the other hand, besides the conversion of monomeric phenylpropanoids to lignin (insoluble 
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phenolics), in most plants phenylpropanoids generated from phenylalanine can be further modified in 
many ways, including their elongation and cyclization to form flavonoids and anthocyanidins 
(Ververidis et al. 2007). Therefore, a metabolic interaction between anthocyanin and lignin 
biosynthesis (at different steps during the whole process) and possible redirectioning of the 
polyphenols metabolic pathway/s can be hypothesized (Thévenin et al. 2011, van der Rest et al. 2006). 
Concerning fruit, in peach a possible competition between flavonoid and lignin biosynthesis has also 
been hypothesized (Dardick et al. 2010). In strawberry, induction of a FaPRX27 peroxidase (assumed 
to be involved in lignin formation) concomitant with down-regulation of the chalcone synthase gene 
during fruit ripening diverts the metabolic flux from anthocyanins to lignin (Ring et al. 2013), 
highlighting the possibility of a competition of the different phenolics pathways for common 
precursors.  
The complex interplay of enzymes involved in the different branches of the phenylpropanoid 
pathway is further complicated by their possible role in divergent pathways, alternative to lignin 
biosynthesis. In Arabidopsis thaliana the aldehyde dehydrogenase Reduced Epidermal Fluorescence 
(REF1; Nair et al. 2004) is capable to oxidize the same substrates (cinnamaldehydes) reduced by CAD 
to monolignols producing ferulic and synapic acids. Ferulic acid may in turn affect the stiffness of the 
cell wall as described for Chinese water chestnut (Waldron et al. 1997), where the thermal stability of 
cell adhesion and maintainance of crispness after cooking have been ascribed to diferulic acid cell-
wall crosslinks. Also in other monocots ferulic acid could be involved in cell wall stiffening (Ralph 
2010). Another recently described A. thaliana mutant, ref8, impaired in lignin biosynthesis, 
accumulates higher levels of salicylic acid than the wild type (Kim et al. 2014). 
Many of these enzyme activities appear to be affected by the plant regulator ethylene (Kirch et 
al. 2004, Mita et al. 2006), deeply involved in the control of ripening in climacteric fruits, category to 
which peach belongs (Tonutti et al. 1996, 1997).  
The present work investigated whether fruit of peach cultivars with different flesh firmness 
and/or color (yellow/red-purple) presented differences, at the molecular and biochemical levels, in 
CAD expression and activity, also in relation to the possible involvement of CAD in the determination 
of the contents of lignin, antocyanins, and total phenolics. To our knowledge, this issue, different than 
in other fruits, has never been addressed to in peach. 
The peach genotypes studied included the yellow-fleshed NMF ‘Oro A’ and MF ‘Springcrest’, 
and the blood-flesh MF ‘Sanguinella’, a local cultivar present in Central Italy showing early 
accumulation of anthocyanins in the mesocarp during fruit development (Shen et al. 2013 and 
references therein) and promising for its future introduction in selection programs addressed to the 
obtainment of peach genotypes with enhanced antioxidant contents.  
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Materials and methods 
Plant material and fruit sampling  
‘Springcrest’ peach [Prunus persica (L.) Batsch] trees were grown in the Experimental Orchard 
“Francesco Dotti” of the University of Milan (Italy), whereas ‘Oro A’ and ‘Sanguinella’ trees were 
grown in the Experimental Orchard of the University of Bologna [Italy; Department of Agricultural 
Sciences (DiSTA)]. Trees were subjected to standard horticultural practices.  
Growth of peach fruit (2012 spring-summer season) was monitored at regular intervals starting 
at 35 days after full bloom (DAFB). Growth stages were defined according to Tonutti et al. (1997). At 
the desired times, fruit were picked and quickly transferred to the laboratory for the determination of 
weight and ripening parameters (flesh firmness, epicarp colour, total soluble solids contents and 
ethylene emission). On the basis of fruit weight, epicarp colour and ethylene emission, homogeneous 
fruit classes were pooled for sampling. Fruit mesocarp was isolated by removing peel, stone and the 
layer of mesocarp (2-5 mm thickness) immediately adjacent to peel and stone, snap-frozen in liquid N2 
and stored at -80°C. 
 
Epicarp colour, ethylene emission, flesh firmness, total soluble solids contents 
Epicarp colour parameters were measured, on two opposite, non blushed sides in the fruit equatorial 
zone, by a Konica Minolta Chroma Meter CR-400 reflectance colorimeter (Konica Minolta Co., 
Osaka, Japan). Only the a* index value, which records the ratio of green (negative values) to red 
(positive values) pigmentation according to the CIE L*a*b* scale, was taken as representative of 
ripening degree (McGuiere 1992, Robertson et al. 1990). Fruit ethylene emission was evaluated, 
within two hours from harvest, by placing individually, in 1.1-l glass jars in a thermoregulated (20 ± 
1°C) chamber with 95% relative humidity, whole, healthy fruits whose weight and colour matched the 
average values (± 10%) defined for the desired ripening classes. Ethylene analysis was conducted by 
gas-chromatography [gas-chromatograph Model 3800; DANI Instruments, Cologno Monzese, Italy, 
equipped with a stainless steel column (100 cm long; 0.32 cm diameter) filled with Porapack Q at 
100°C and a flame-ionisation detector, at 210°C, with nitrogen at 0.8 bar as carrier gas] on 1-ml gas 
samples collected from the headspace of the jars after 1 h of hermetic closure (Benedetti et al. 2008). 
Each peach sample was evaluated three times and average of the results was used for the statistical 
analysis; data were expressed as nl of ethylene h-1 g-1 FW. Flesh firmness was measured by a hand 
penetrometer (8 mm flat probe, Effegi, Alfonsine, Italy) after peel removal. Two determinations, one 
for each cheek, were performed on each fruit; data were expressed in Newton (N). The SSC content of 
the mesocarp cell sap was evaluated with a hand-held refractometer (ATAGO Co. Ltd., Tokyo, Japan) 
conducting two determinations on each fruit; data were expressed in degrees Brix (°Brix).  
 
Total phenolics 
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Total phenolics contents were measured with Folin-Ciocalteu’s phenol reagent as described in Scalbert 
et al. (1989). One gram of frozen mesocarp was ground to powder with liquid N2, added with 4 ml of 
aceton:methanol:water (2:2:1) plus 1% (v/v) acetic acid and shaken 15 min at room temperature (RT). 
After centrifugation (15 min, 5000 g), supernatants were collected and the precipitates washed twice 
with 2 ml of the same extraction solution. The collected supernatants were finally brought to 10 ml 
with the same extraction solution. Gallic acid standards (3-20 µg) and samples (0.1 ml) were diluted 
with double-distilled water (7.9 ml), added with 0.5 ml of 50% (v/v) Folin-Ciocalteu’s reagent plus 1.5 
ml saturated Na2CO3, vigorously shaken and incubated for 2 h at RT before absorbance measurement 
at 765 nm against blank. Total phenolics contents were expressed as gallic acid equivalents on a fresh 
weight basis (mg g-1 FW). 
 
Total anthocyanins  
Anthocyanin pigments were extracted according to Lee et al. (2005) with some modifications. Two 
grams of frozen mesocarp were ground to powder with liquid N2, added with three volumes of 95% 
(v/v) EtOH:1.5 M HCl (85:15), mixed thoroughly and shaken overnight at 4°C. Samples were 
centrifuged (40 min, 10 000 g, 4°C) and the supernatants collected. Five volumes of 100% hexane 
were added to a fraction of each sample, that was vigorously shaken and allowed to stand for 30 min 
on ice. The aqueous lower phase was collected and diluted in two different buffers, at pH 1.0 [0.025 M 
KCl in 95% (v/v) EtOH] and pH 4.5 [1 M Na-acetate in 95% (v/v) EtOH]. Absorbance (Abs) of the 
samples was determined at 520 nm and 700 nm in both pH conditions and calculated as follows: 
A = (Abs520 – Abs700)pH 1.0 – (Abs520 – Abs700)pH 4.5 
The amount of total anthocyanins was calculated as described by Lee et al. (2005) (molar 
extinction coefficient ε = 26900 l mol–1 cm–1 for cyanidin-3-glucoside; molecular weight for cyanidin-
3-glucoside: 449.2 g mol-1) and expressed as cyanidin-3-glucoside equivalents on a fresh weight basis 
(mg g-1 FW). 
 
Lignin determination 
Lignin determination was conducted according to Cai et al. (2006a) with slight modifications. Frozen 
mesocarp tissue (3 g) was ground with liquid N2, added with 6.5 volumes of extraction buffer [100 
mM K2HPO4/KH2PO4 pH 7.8, 0.5% (v/v) Triton X-100, 0.5% (w/v) polyvinylpyrrolidone], shaken 
(200 rpm) for 30 min at RT, and centrifuged (20 min, 6000 g, RT). Precipitates were washed twice in 
the same conditions, followed by four additional washings with 20 ml of 100% MetOH, and dried 
overnight at 80°C. Fifty mg of these dried precipitates were used for lignin determination, in parallel 
with lignin alkali standards (50 mg lignin, average Mw 10 000; Sigma-Aldrich, Milan, Italy). Samples 
were added with 5 ml of 2 N HCl plus 0.5 ml of 100% thioglycolic acid, heated (4 h, 100°C), cooled 
on ice and centrifuged (20 min, 20 000 g). The precipitates, rinsed three times with distilled water and 
resuspended in 5 ml of 1 M NaOH, were shaken for 18 h at 200 rpm and centrifuged (20 min, 20 000 
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g). One hundred μl of concentrated HCl were added to 0.5 ml of each recovered supernatant, and the 
lignin-thioglycolic acid complex was precipitated by cooling (4 h, 4°C) and centrifuging (20 min, 20 
000 g). The precipitates were then dissolved in 1 ml of 1 M NaOH and, after proper dilution, their 
absorbance at 280 nm (Abs280) was read against a blank. Data were calculated against a lignin alkali 
standard curve and expressed on a fresh weight basis (mg g-1 FW). 
 
Protein extraction 
Soluble protein extraction was conducted as described by Cai et al. (2006a), with minor modifications. 
Fruit mesocarp (1.5 g) was ground with liquid N2 in the presence of 10% (w/w) 
polyvinylpolypyrrolidone (PVPP). Two volumes of ice-cold extraction buffer [250 mM 
Tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 7.5, 2 mM MgCl2, 10% (v/v) glycerol, 2 mM 
dithiothreitol (DTT), 10 mM β-mercaptoethanol (β-MSH), 1 µM leupeptin, 1 mM phenyl-methyl-
sulfonyl-fluoride (PMSF)] were added, and the thawed slurries were sonicated (three times, 15 s, 20 
W; Microson Ultrasonic Cell Disruptor XL, Misonix Inc., Farmingdale, NY) and centrifuged (15 min, 
23 000 g, 4°C). The resulting supernatants were used immediately for the determination of in vitro 
CAD activity or stored (-80°C) for subsequent polyacrylamide gel electrophoresis (PAGE) analyses.  
 
In vitro assay of CAD activity  
In vitro CAD activity was assayed as described by Mansell et al. (1974) by monitoring 
spectrophotometrically (Varian Cary 50 Bio UV/ Visible Spectrophotometer, Agilent Technologies 
Italia SpA, Cernusco s/Naviglio, Italy), the formation of coniferyl aldehyde from coniferyl alcohol 
through the increase in absorbance at 400 nm at 37°C for 3 min. Aliquots (25-100 µl) of fruit tissue 
extract were added to a 1-ml final volume of assay medium (100 mM Tris-HCl buffer, pH 8.8, 0.2 mM 
coniferyl alcohol, 0.2 mM NADP+). One unit (EU; enzyme unit) of CAD activity was defined as the 
amount of enzyme that caused the change in Abs400 of 0.01 per minute under the specified conditions. 
The data are expressed on a protein basis. 
 
Protein determination 
Protein content was determined by the Bradford method (Bradford 1976) using bovine serum 
albumine (BSA, Sigma-Aldrich) as a standard (Micro-Bio-Rad Protein Assay, Bio-Rad Laboratories, 
Segrate, Italy). 
 
SDS-PAGE 
Proteins denatured in SDS sample buffer (Laemmli 1970) were analysed by tricine-SDS-PAGE (10% 
total acrylamide/bis-acrylamide concentration; Schägger and von Jagow 1987) in a MiniProtean 
apparatus (Bio-Rad Laboratories); gels were stained with Coomassie Blue R-250. Molecular weight 
markers were from Bio-Rad (Kaleidoscope Pre-Stained Standards). 
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Nondenaturing PAGE and in gel CAD activity  
Nondenaturing PAGE was performed at 4°C in a MiniProtean apparatus as described in Laemmli 
(1970) and in Mansell et al. (1974), with minor modifications. The separating gel contained 9.83% 
(w/v) acrylamide, 0.27% (w/v) methylene-bisacrylamide in 375 mM Tris-HCl, pH 8.8 plus 6% (v/v) 
glycerol, and the stacking gel contained 3.9% (w/v) acrylamide, 0.1% (w/v) methylene-bisacrylamide 
in 125 mM Tris-HCl, pH 6.8. Polymerisation was triggered by addition of ammonium persulfate 
(APS) and N,N,N',N'-tetramethylethylenediamine (TEMED). The sample buffer was composed of 
62.5 mM Tris-HCl, pH 6.8, 10% (w/v) glycerol, 0.01% (w/v) pyronin Y. The tray buffer consisted of 
25 mM Tris plus 192 mM glycine. After the run, gels for activity staining (Umesha and Kavitha 2011) 
were equilibrated twice at 30°C for 15 min in 100 mM Tris-HCl, pH 8.8 and incubated still for 
additional 4 h at 30°C in 10 ml of activity buffer (100 mM Tris-HCl, pH 8.8, 0.1 mg 
phenazinemethosulphate, 2.5 mg nitrobluetretazolium, 2.5 mg coniferyl alcohol or 0.025% ethanol (as 
negative control). CAD activity was visually assessed by colour evolution.  
 
Western blotting  
After SDS-PAGE, proteins were electroblotted onto PVDF membrane in a Multiphor II Nova-Blot 
(Amersham Biosciences, Milan, Italy) apparatus (Morgutti et al. 2006). After nondenaturing PAGE, 
gels were conditioned with three washes (10 min each) in 25 mM Tris-HCl, pH 8.8, 192 mM glycine, 
20% (v/v) MetOH, 0.1% (w/v) SDS; subsequent electroblotting was performed in the presence of the 
same buffer without SDS. Protein transfer was carried out at 4°C (nondenaturing gels) or RT (SDS-
PAGE) at 0.8 mA cm-2. Membranes were blocked for 2 h at the same temperature of transfer in 5% 
(w/v) BSA in Tris buffered saline-Tween buffer [TBS-T: 20 mM Tris-HCl, pH 7.6, 200 mM NaCl, 
0.05% (w/v) Tween-20] and incubated overnight at 4°C with the anti-CAD antisera diluted in TBS-T 
plus 1% (w/v) BSA [1:3000 for anti-FaCAD antibodies; 1:10 000 for anti-Prunus persica_CAD sc8 
(anti-PRUPE_CAD sc8)]. Blots, thoroughly washed with TBS-T, were incubated (2 h, RT) with anti-
rabbit alkaline phosphatase-conjugated secondary antibodies and detection was achieved with 
SIGMAFAST™ BCIP®/NBT tablets (Sigma-Aldrich). 
 
Anti-CAD antibodies 
Polyclonal antibodies raised against the recombinant CAD1 protein of Fragaria × ananassa (FaCAD, 
AAK28509.1, Blanco-Portales et al. 2002) were a kind gift of prof. Rosario Blanco-Portales 
(University of Cordoba, Spain). 
PRUPE_CAD amino acid sequences, deduced from the Peach Genome sequence (Verde et al. 
2013), were aligned using the Clustal W 2.1 program under the default settings (Larkin et al. 2007) to 
identify an amino acid sequence peculiar of one (PRUPE_ppa007736m; residues 114-128: 
CNKKIWSYNDTYSDG) of the two putative CAD proteins encoded by the PRUPE_CAD genes on 
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scaffold 8. The selected sequence, evaluated by Epitopia server (Rubinstein et al. 2009) for 
immunogenicity, was used to synthesize the corresponding 2HN-CNKKIWSYNDTYSDG-COOH 
peptide. This was conjugated with keyhole limpet hemocyanin (KLH) to raise polyclonal antibodies in 
rabbits (Primm s.r.l. Company, Segrate, Italy). Pre-immune and immune antisera (collected 48 d after 
inoculation and tested for antibody titre) were used for Western blot analyses. 
 
RNA extraction and quantification, and semiquantitative RT-PCR analysis 
RNA extraction was conducted as described in Tong et al. (2012) with slight modifications. One gram 
of frozen mesocarp tissue was ground to powder with liquid N2 in the presence of 2% (w/w) PVPP, 
plus 0.8 ml of preheated (65°C) extraction buffer [2.5% (w/v) cetyltrimethylammonium bromide 
(CTAB); 100 mM Tris-HCl, pH 8.0; 25 mM Na2-EDTA; 2 M NaCl; 5% (v/v) β-MSH], thoroughly 
vortexed for 30 s and incubated for 30 min at 65°C with vortexing every 5 min. Samples were 
centrifuged (3 min, 5000 g, 4°C) and the supernatants were added with one volume of 
chloroform:isoamyl alcohol (24:1, v:v), vigorously mixed for 30 s and centrifuged (12 min, 13 000 g, 
4°C). The recovered top phase, was added with one volume of phenol:chloroform:isoamyl alcohol 
(25:24:1, v:v:v), incubated on ice for 10 min and centrifuged. The procedure was repeated twice. The 
recovered top phase was added with one volume of ice-cold 5 M NaCl, mixed, added again with one 
volume of ice-cold 100% (v/v) isopropyl alcohol, mixed, and kept at -20°C for at least 30 min. After 
centrifugation (12 min, 13 000 g, 4°C), the precipitates were dried under vacuum and resuspended in 
0.6 ml of Tris-EDTA buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) in the presence of 3 M LiCl. 
After overnight incubation at 4°C; samples were centrifuged (20 min, 13 000 g, 4°C) and the 
precipitates, washed with ice-cold 70% (v/v) EtOH, were dried under vacuum and resuspended in 30 
µl of diethylpyrocarbonate (DEPC)-treated water.  
RNA samples were loaded onto agarose gels [1% (w/v) agarose plus 1 µg ml-1 ethydium 
bromide] to verify their integrity, and quantitated (NanoDrop 2000c spectrometer, Thermo Fisher 
Scientifics Inc., Waltham, MA). 3.5 μg of RNA from each sample were treated with RNAse-free 
DNAse I (Invitrogen Life Technologies, Monza, Italy); 2.6 µg of DNAse I-treated RNA was subjected 
to retrotranscription with the commercial RT-PCR kit SuperScript® III Reverse Transcriptase 
(Invitrogen). The cDNAs obtained were immediately divided into aliquots and stored at -20°C. Semi-
quantitative RT-PCR analyses were performed using gene-specific or degenerated primers and Taq 
polymerase (GoTaq®, Promega, Segrate, Italy). The cycling parameters were: 5 min preliminary 
denaturation at 94°C; 27 (PRUPE_S16/PRUPE_ppa012996mg and 
PRUPE_ACO1/PRUPE_ppa008791mg) or 35 (all considered PRUPE_CAD genes) denaturation 
cycles (45 s at 94°C), annealing (1 min at primer-specific melting temperature; see Appendix S1 in 
Supporting Information), extension (2 min at 72°C) and a final extension of 5 min at 72°C. PCR 
products were separated in 1% (w/v) agarose gels. 
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Primer design 
Gene-specific or degenerated primers were designed with the help of Primer3 web resource (Rozen 
and Skaletsky 2000; http://bioinfo.ut.ee/primer3/). For PRUPE_CADs sc6, primers able to amplify the 
highest possible number of PRUPE_CAD sc6 isogenes (i.e. PRUPE_ppa007622mg, 
PRUPE_ppa007613mg, PRUPE_ppa007226mg, PRUPE_ppa016455mg, PRUPE_ppa007668mg) 
were used. For PRUPE_CAD sc8, degenerated primers able to amplify both PRUPE_CAD sc81 
(PRUPE_ppa007749mg) and PRUPE_CAD sc82  (PRUPE_ppa007636mg) isogenes were used (see 
Appendix S1 in Supporting Information). 
 
Bioinformatic and phylogenetic analysis 
Sequences used for the in silico analysis of CAD genes were retrieved from the National Center for 
Biotechnological Information (NCBI; http://www.ncbi.nlm.nih.gov/), Phytozome 
(http://www.phytozome.org) and the SIB Bioinformatics Resource Portal ExPASy 
(http://www.expasy.ch) databases. Comparison analysis of all the sequences identified in the Peach 
Genome was conducted with the advanced Basic Local Alignment Tool BLAST X (Altschul et al. 
1990) at NCBI as well as in the Universal Protein Resource database (UniProt; 
http://www.uniprot.org). The amino acid sequence alignments were used to generate a phylogenetic 
tree based on the Neighbor-joining algorithm (Saitou and Nei 1987) and the resulted ‘phenogram’ was 
created using the MEGA 4.0 program (Tamura et al. 2007; http://www.megasoftware 
net/mega4/mega.html). Reliability was inferred using the bootstrap method with 1000 replicates. 
Molecular weights and isoelectric points were predicted using the ExPASy data base tools. 
 
Statistical analysis  
ANOVA and Bonferroni’s tests were calculated with Sigma-Stat for Windows (Version 3.11) using the 
values of means and standard errors (SE) for each parameter.  
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Results 
Fruit phenotypization: epicarp colour, growth, ethylene emission, flesh firmness, total soluble 
solids  
Prunus persica fruit of NMF ‘Oro A’, MF ‘Springcrest’ and MF ‘Sanguinella’ cultivars were picked at 
the desired ripening stages, i.e., S3, S4 I (pre-climacteric), S4 III (climacteric), as individuated by 
monitoring fruit development from full bloom. Figure 1 shows the fruit visual appearance in S4 III 
(Fig. 1A-C) and the values of colour index a* (Fig. 1D) and of average fruit weight (Fig. 1E). In the 
S4 III final stage of ripening, NMF ‘Oro A’ fruit showed a definite yellow colour of the epicarp, in 
MF ‘Springcrest’ the skin was for the largest part dark red, and MF ‘Sanguinella’ showed only a slight 
red shade over greenish background in the markedly hairy skin (Fig. 1A-C). During fruit ripening the 
colour index a* increased in all cultivars, but its absolute values were very different. In MF 
‘Sanguinella’ fruit the values of a* index were positive already at Stage S3, but the final value was at 
Stage S4 III essentially equal to that of NMF ‘Oro A’ (Fig. 1D). ‘Oro A’ fruit were the smallest and 
their weight did not increase greatly from Stage S3 to S4 III; a similar behaviour, although starting 
from a higher average weight at S3, was apparent in ‘Sanguinella’ fruit in the transition from S3 to S4 
III. ‘Springcrest’ fruit showed the largest growth increase reaching at Stage S4 III the largest size (Fig. 
1E).  
Fruit whose weight and epicarp colour were closer to the mean values of the three ripening 
stages were chosen to evaluate ethylene emission. ‘Oro A’ fruit produced ethylene in little amounts 
already in Stage S3, with a slight increase between Stages S3 and S4 I and a dramatic increase 
between S4 I and S4 III. In ‘Springcrest’, ethylene emission became detectable only in S4 I, with a 
sharp increase, although to levels lower than in ‘Oro A’, between Stages S4 I and S4 III. A similar 
behaviour was observed in ‘Sanguinella’, where ethylene emission was much lower than in the two 
other cultivars (Figure 2).  
Fruit were also phenotypized for flesh firmness and total soluble solids (SSC; Fig. 3). Fruit 
firmness was low in ‘Oro A’ fruit already at the S3 Stage, and it decreased gradually reaching at S4 III 
the value of approx. 23 N. In ‘Springcrest’, flesh firmness was higher in S3, but it decreased sharply 
between S3 and S4 I and furthermore so in the transition between S4 I and S4 III. A similar trend was 
apparent for ‘Sanguinella’, where flesh firmness values in S4 III were even lower than in ‘Springcrest’ 
at the same stage (Fig. 3A).  
The levels of total SSC, as expected, increased with ripening in all three cultivars, being lowest 
in all three stages of ripening in ‘Springcrest’, higher in ‘Oro A’ and highest in ‘Sanguinella’ (Fig. 
3B). 
 
Total phenolics, anthocyanin and lignin contents in the flesh  
Figure 4 shows the changes in the levels of three different classes of phenolic compounds (i.e., total 
phenolics, anthocyanins and lignin) with the advancement of ripening in fruit of the three peach 
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cultivars studied. The amounts of total phenolics and the changes in their levels were different in NMF 
‘Oro A’ compared to MF ‘Springcrest’ and MF ‘Sanguinella’ (Fig. 4A). In ‘Oro A’ fruit, the levels of 
total phenolics were lowest and constant in the three phases of ripening, whereas in ‘Springcrest’ their 
levels, highest in S3, decreased with the advancement of ripening. ‘Sanguinella’ showed levels of total 
phenolics almost two-fold higher than those of ‘Springcrest’ at all stages, that decreased with ripening. 
Anthocyanins, that were undetectable in the flesh of both ‘Oro A’ and ‘Springcrest’, were present in 
‘Sanguinella’ and their levels decreased with ripening (Fig. 4B).  
Flesh lignin contents, expressed on a fresh weight basis (Fig. 4C), were lower in NMF ‘Oro A’ 
and higher in MF ‘Springcrest’ and MF ‘Sanguinella’. In all cultivars a decrease with ripening was 
observed (Fig. 4C).  
 
In vitro CAD activity 
To our knowledge, no data are at the present time available in the literature concerning CAD activity 
in peach fruit; therefore, we assayed the in vitro CAD activity in the mesocarp of fruit of NMF ‘Oro 
A’, MF ‘Springcrest’ and MF ‘Sanguinella’ at the three stages of ripening. In ‘Oro A’ fruit no CAD 
activity was detectable in Stages S3 and S4 I, that became apparent only at Stage S4 III. In the flesh of 
‘Springcrest’ fruit, no CAD activity could be detected in any ripening stage; very high CAD activity, 
that increased with ripening, was measured in the flesh of ‘Sanguinella’ already in Stage S3 (Figure 5).  
 
Identification and phylogenetic relationship analysis of PRUPE_CAD genes in the P. persica 
genome, and alignment of the deduced PRUPE_CAD protein sequences 
Annotated CAD sequences of different plant species were retrieved in NCBI and ExPASy databases 
and aligned on Peach Genome (Phytozome database) using BLAST. A large PRUPE_CAD gene 
family was identified, whose components are present in six (1, 3, 4, 5, 6, 8) of its eight scaffolds. From 
these gene sequences a dataset of deduced peach PRUPE_CAD proteins was obtained. Only 24 
sequences composed of more than 280 amino acid residues were selected as putative functional CADs, 
on the basis of the medium size (approx. 300 amino acid residues) of proteins of the CAD family 
(Strommer 2011). In silico analyses allowed to individuate 32 additional “short” sequences probably 
referring to non-functional polypeptides (data not shown). 
The deduced putative PRUPE_CAD sequences were aligned and their reciprocal identity scores 
determined (CLUSTAL W 2.1 multiple sequence alignment software; see Appendix S2 in Supporting 
Information). Sequence alignment revealed that the functional CAD motifs (Deng et al. 2013 and 
references therein) were present in the great majority of isoforms: the NADPH binding motif 
[GXG(X)2G] was present in all isoforms; the Zn2 [GD(X)9.10C(X)2 C(X)2 C(X)7C] binding motif was 
absent only in PRUPE_CADs sc610,15; the Zn1 [GHE(X)2G(X)5G(X)2V] binding motif was altered 
only in PRUPE_CADs sc611,13. The reciprocal identity among the PRUPE_CADs of scaffolds 1, 3-5 
was on average approx. 50%, and that of these isoforms with of the PRUPE_CADs sc6, taken as a 
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whole, was of 53% (PRUPE_CAD sc1), 49% (PRUPE_CAD sc3), 64% (PRUPE_CAD sc4), and 50% 
(PRUPE_CAD sc5). The PRUPE_CADs of scaffolds 1, 3-5 showed an average identity score <50% 
with the PRUPE_CADs sc8. Concerning the 18 PRUPE_CADs sc6, there was a reciprocal identity 
score 85% among the six isoforms PRUPE_CADs sc61-5,18; compared to PRUPE_CAD sc61 (taken as 
a reference), the seven isoforms PRUPE_CAD sc66-11,13 showed identity scores between 75% and 
83%, whereas the five isoforms PRUPE_CAD sc610,12,14,16,17 showed identity scores between 48% and 
71%. The two putative PRUPE_CADs sc81,2 had a reciprocal identity score of 85.7%, and resulted 
quite different than the reference PRUPE_CAD sc61, with an average identity score of 51%. The 
putative PRUPE_CAD sc82 encoded by the PRUPE_ppa007636mg gene of scaffold 8 seemed 
particularly interesting on the basis of its 100% identity with the putative CAD polypeptides identified 
in peach fruit (Prinsi et al. 2011).  
In order to investigate the phylogenetic relationships of PRUPE_CADs with those of other plant 
species with described biochemical/physiological functions, the 24 putative PRUPE_CAD sequences 
were subjected to phylogenetic analysis (MEGA 4.0 software and Neighbor-joining data clustering). 
The phylogenetic tree (Fig. 6) showed three, highly supported clusters (bootstrap test, 1000 replicates) 
corresponding to the three classes (I-III) recently proposed (Deng et al. 2013 and references therein). 
The PRUPE_CADs grouped within Classes I (PRUPE_CADs sc81,2 and PRUPE_CAD sc612) and III 
(all the other PRUPE_CADs sc6  plus PRUPE_CAD sc1 and PRUPE_CADs sc3-5). In particular, 
PRUPE_CAD sc65 showed maximum phylogenetic proximity with the strawberry FaCAD 
(AAK28509.1; Blanco-Portales et al. 2002), confirmed also by the highest identity score (88.6%) 
between the two sequences (see Appendix S3 in Supporting Information). 
On the basis of the results of Fig. 6, we restricted the analysis to PRUPE_CAD sc65 and 
PRUPE_CAD sc82. The deduced amino acid sequences of these two putative PRUPE_CAD isoforms 
were aligned with those of CADs: a) present in fruits with peculiar characteristics of flesh firmness, 
i.e. FaCAD, EjCAD1 (ABV44810.1 from E. japonica; Shan et al. 2008) and PmCAD (BAE48658.1 
from Prunus mume; Mita et al. 2006); b) with acknowledged involvement in lignin biosynthesis, i.e., 
AtCAD4 and AtCAD5 (AAP59434.1 and AAP59435.1 from A. thaliana; Sibout et al. 2003); c) 
possibly involved in defense-related responses, i.e. CsCAD2 (ADO51749.1 from Camellia sinensis; 
Deng et al. 2013) (Fig. 7). Identity scores showed that, apart from the already described high identity 
with the considered FaCAD, PRUPE_CAD sc65 had very low identity with the CADs from other 
species (approx. 50% identity with the AtCAD4 and AtCAD5 proteins and 6%-9% with CsCAD2, 
EjCAD1 and PmCAD). PRUPE_CAD sc82 showed high (approx. 78%) identity with AtCAD4 and 
AtCAD5, and much lower (approx. 6%) identity with EjCAD1, PmCAD and CsCAD2.  
 
Levels of PRUPE_CAD sc6 and PRUPE_CAD sc8 isoforms and in gel CAD activity  
The high identity scores (64%-89%) between the FaCAD and the putative PRUPE_CADs sc6 (see 
Appendix S3 in Supporting Information) allowed to consider polyclonal anti-FaCAD antibodies 
15 
 
(Blanco-Portales et al. 2002) useful to recognize all the PRUPE_CADs sc6. This hypothesis was 
verified in preliminary experiments that probed with the anti-FaCAD antibodies the soluble proteins of 
the lignifying endocarp of Stage S2 ‘Springcrest’ peaches. In this material, where a high in vitro CAD 
activity could be detected, a strong immunoreaction signal against a polypeptide of approx. 40 kDa 
could be observed (data not shown), consistent with the value reported for monomers of the active 
CAD dimer (O’Malley et al. 1992) and with the average one (38.4 kDa) deduced for the PRUPE_CAD 
sc6 translation products (Appendix S4 in Supporting Information). Polyclonal antibodies were also 
raised against the specific isoform PRUPE_CAD sc82 exploiting a peculiar (respect to 17 out of the 18 
PRUPE_CADs sc6) and satisfactorily immunogenic (Epitopia tool; Rubinstein et al. 2009) 15-amino 
acid sequence (114CNKKIWSYNDTYSDG128; Fig. 7 and Materials and methods section). 
Western blot experiments were conducted probing with the two different anti-CAD antibodies 
the soluble proteins from the flesh of fruit of each cultivar at the three stages of ripening after 
separation by SDS-PAGE (Fig. 8). The putative PRUPE_CAD sc6 polypeptides were essentially 
undetectable in all of the three cultivars at all ripening stages, whereas polypeptides of approx. 40 kDa 
(again consistent with the values deduced also for the PRUPE_CADs sc8; Appendix S4 in Supporting 
Information) were recognized by the anti-PRUPE_CAD sc8 antibodies. The PRUPE_CAD sc8 
polypeptides were detectable in ‘Oro A’ only at Stage S4 III, essentially absent in ‘Springcrest’ at all 
stages of ripening, and present in ‘Sanguinella’ already in Stage S3 in relatively high amounts 
apparently increasing with ripening.  
Twenty out of the 24 PRUPE_CADs had deduced pIs minor than 7.0 (Appendix S4 in 
Supporting Information), consistent with what generally reported for these proteins (Mansell et al. 
1974). Therefore, it was possible to conduct experiments in native gel conditions suitable for acidic 
proteins analysis. The availability of antibodies able to discriminate between different putative 
PRUPE_CAD isoforms (Fig. 8) made in principle possible to evaluate, in parallel experiments co-
localizing the position of CAD activity bands with the immunoreaction signals, whether the different 
PRUPE_CADs contributed differently to the in vitro “bulk” CAD activity (Fig. 5). Colour 
development due to CAD activity in ‘Oro A’ fruit was essentially absent in Stages S3 and S4 I, but it 
became clearly detectable at Stage S4 III. Essentially no CAD activity could be seen in ‘Springcrest’ 
at all three stages considered, whereas in ‘Sanguinella’ CAD activity was already detectable at Stage 
S3 and increased in Stages S4 I and S4 III. These data appear consistent with those regarding the in 
vitro “bulk” CAD activity from the different fruit (Fig. 5). Western blot results indicate that, where 
present, in gel CAD activity was due to the contribution of the only PRUPE_CAD sc8 isoforms (Fig. 
9). 
 
Expression analysis of the PRUPE_CAD genes 
The transcript levels of the PRUPE_CAD sc6, PRUPE_CAD sc8 and PRUPE_ACO1 genes were 
analyzed (semiquantitative RT-PCR with proper primers; Appendix S1 in Supporting Information) 
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using the mRNA levels of a ribosomal (PRUPE_S16) gene as a reference (Fig. 10). In Stage S3, the 
PRUPE_ACO1 transcripts were clearly visible in ‘Oro A’ but almost undetectable in ‘Springcrest’ and 
‘Sanguinella’. The levels of PRUPE_ACO1 transcripts increased with ripening in all three genotypes, 
according to fruit ethylene emission (Fig. 2).  
Concerning the large group of PRUPE_CAD sc6 genes, primers able to amplify the highest 
possible number of components of this group (i.e. PRUPE_CADs sc61-5; Appendix S1 in Supporting 
Information) were chosen. Transcripts of PRUPE_CADs sc61-5 did not at all (‘Oro A’ and 
‘Springcrest’), or only slightly (‘Sanguinella’) accumulate in the fruit mesocarp at the ripening stages 
considered. Expression of the two PRUPE_CAD sc81,2 genes was clearly detectable in fruit from all 
cultivars, and particularly high in ‘Oro A’. The levels of PRUPE_CAD sc81,2 transcripts were 
essentially constant through Stages S3-S4 III in ‘Oro A’ and increased with ripening in both 
‘Springcrest’ and ‘Sanguinella’.  
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Discussion  
Characterization of P. persica fruit of ‘Oro A’, ‘Springcrest’, and ‘Sanguinella’ at harvest, on the basis of 
ethylene emission (Fig. 2) and flesh firmness (Fig. 3), allowed to categorize them into the desired 
ripening stages confirming phenotypic (NMF/MF) typologies. The literature describes for peach fruit 
four ripening stages (S1-S4), thoroughly defined for ‘Springcrest’ peaches by Tonutti et al. (1997). In 
this cultivar the highest rates of ethylene emission are detectable during early fruit growth (Tonutti et 
al. 1991) and at Stage 4 of ripening (Tonutti et al. 1996). In general, during ripening of climacteric 
fruits such as tomato, passion fruit and kiwifruit, ACO transcripts appear prior to the burst of ethylene 
emission (Mita et al. 1998, Nakatsuka et al. 1997, Zhong et al. 1998); also in peach, ACO transcripts 
are massively accumulated when ethylene emission is still very low (Tonutti et al. 1997). Fruit of the 
genotypes studied in the present work showed a consistent behaviour: PRUPE_ACO1 transcripts were 
apparent in all three genotypes at Stage S4 I, when ethylene emission was still extremely low; in ‘Oro 
A’ PRUPE_ACO1 transcripts could be clearly detected already at Stage 3 (compare Figs. 10 and 2). 
Fruit ethylene emission appeared earlier and was greater in ‘Oro A’ than in ‘Springcrest’ and in 
‘Sanguinella’ (Fig. 2), consistent with reports showing that NMF peaches generally evolve higher 
amounts of ethylene than MF ones (Brovelli et al. 1999, Kao et al. 2012, Morgutti et al. 2005, 2006).  
NMF peaches are distinguished from MF ones since, although softening, they do not undergo the 
rapid loss of firmness typical of the “melting” phase (Lester et al. 1996). In the three genotypes 
studied, although an apparent paradox could be seen among the values of flesh firmness recorded at 
Stage 3, significantly lower in NMF ‘Oro A’ than in MF ‘Springcrest’ and MF ‘Sanguinella’, the flesh 
firmness of NMF ‘Oro A’ fruit did not change significantly between Stages S3 and S4 I, and decreased 
less steeply than in MF ‘Springcrest’ and MF ‘Sanguinella’ between S4 I and S4 III (Fig. 3A), 
consistent with the reported narrower changes in firmness of NMF fruit compared to MF ones (Bassi 
and Monet 2008, Shinya et al. 2013). Moreover, for MF peaches a higher softening rate in post-harvest 
has been described in early-season compared to late-season cultivars (Lurie et al. 2013). Consistent 
behaviour was observed during ripening also in the presently studied MF fruit, with a slightly steeper 
softening in the transition from S3 to S4 I in the early-season ‘Springcrest’ than in the late-season 
‘Sanguinella’ (Fig. 3A).  
The SSC contents, lowest in ‘Springcrest’ and higher in ‘Oro A’ and ‘Sanguinella’ (Fig. 3B), 
increased during ripening, as expected, in all three cultivars. SSC is an important quality trait in 
peaches and nectarines being a determinant of consumer’s acceptance and satisfaction. Huge 
variability in SSC values among peach and nectarine cultivars is reported in the literature; in general, 
early maturity season varieties show less SSC (Iglesias and Carbó 2009, Legua et al. 2011). Our 
results show that the early-season cultivar ‘Springcrest’ had the lowest SSC values. The SSC values of 
‘Oro A’ are consistent with the features described for fruit of this genotype (Sherman et al. 1990, 
Prinsi et al. 2011). 
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The concentrations of total phenolics, anthocyanins and lignin were different in fruit of the three 
cultivars and changed with ripening (Fig. 4A-C). Besides their adaptive significance (Bravo 1998), the 
first two classes of molecules macroscopically affect the fruit sensorial qualities in terms of colour 
(anthocyanins) and astringency (polyphenols), and confer relevant health properties thanks to their 
antioxidant characteristics, while lignin may contribute to flesh texture. Anthocyanins were detected 
only in ‘Sanguinella’ according to the features of this blood-flesh genotype (Shen et al. 2013 and 
references therein). Anthocyanin concentrations usually increase with ripening in flesh and skin of 
fruits of many species (Jaakola 2013 and references therein), whereas in ‘Sanguinella’ fruit mesocarp 
they declined constantly from S3 to S4 III. A similar behaviour has been described in pear (Li et al. 
2012) and apricot skin, where anthocyanin concentrations decrease in late ripening phases, because of 
possible degradation or a fruit growth-related dilution effect (Bureau et al. 2009). The concentrations 
of total phenolics were very different in fruit of the three genotypes considered and remained constant 
in ‘Oro A’ fruit whereas they decreased with ripening in ‘Sanguinella’ and ‘Springcrest’. These results 
are, in general, consistent with the reported genotypic variability among peach cultivars and decrease 
in phenolic contents during peach fruit ripening (Andreotti et al. 2008) and postharvest (Brandelli and 
Lopes 2005). Similar behaviour has been described in red raspberry (Wang et al. 2009), guava, and 
other fruits (Bashir et al. 2003 and references therein). 
Since in the last phases of ripening of the studied peach fruit the concentrations of total soluble 
proteins (i.e., on a fresh weight basis) in the fruit mesocarp remained essentially constant (data not 
shown), it seems possible to exclude that the observed decline in the concentrations of anthocyanins 
and total phenolics in ‘Springcrest’ and ‘Sanguinella’ be ascribable to a cell enlargement-related 
dilution effect, or to generalized tissue senescence. In peach, the decrease in polyphenol contents has 
been related to an increase in polyphenol oxidase activity (Brandelli and Lopes 2005); whether this is 
the case also in our material needs to be ascertained.  
The lignin levels, expressed on a fresh weight basis, decreased with ripening. This apparently 
paradoxical (taking into account lignin stability) result was corrected if expressed on a per fruit basis 
(combine Figs. 1D and 4C): in this case, in fact, the lignin levels resulted essentially constant (‘Oro A’ 
and ‘Sanguinella’), or even increasing (‘Springcrest’) in the transition from Stage S3 to Stage S4 III.  
In some fruits, such as loquat, increased flesh firmness is related to increased levels of lignin, in 
turn related to higher activity of CAD, the last committed enzyme in the synthesis of monolignols, the 
immediate lignin precursors (Cai et al. 2006a, 2006b, Mansell et al. 1974) and expression of an 
EjCAD1 gene (Shan et al. 2008). Similarly, in mangosteen increases in firmness and lignification 
occur in the pericarp of mechanically damaged fruit (Dangcham et al. 2008). The possibility that also 
in peach higher flesh firmness may be related to, albeit low, lignification events for increased CAD 
activity was suggested by the report that putative CAD polypeptides were more abundant in ripe, firm 
NMF ‘Oro A’ peaches than in softer MF ‘Bolero’ ones (Prinsi et al. 2011). 
In Angiosperms, a family of CAD-like genes is found, with nine members in A. thaliana (Alì 
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and McNear 2014), 12 in rice (Tobias and Chow 2005), 14 in sorghum (Saballos et al. 2009) and 15 in 
Populus (Barakat et al. 2009). In silico analysis allowed to identify in the Peach Genome 24 putative 
PRUPE_CAD gene sequences. Eighteen of them are found on scaffold 6, two on scaffold 8; one 
PRUPE_CAD gene is located on each of scaffolds 1, 3, 4 and 5. Such a high number of gene copies 
seems consistent with the hypothesis of the involvement of CAD, also in peach, in functionally 
redundant metabolic networks in different cell types, tissues, and organs (Kim et al. 2004), with 
specific functional roles responsive also to developmental and stress conditions (Barakat et al. 2009). 
Phylogenetic grouping of CADs from several plant species led to temptative classification 
considering also their possible different biochemical/physiological roles. The grouping of Fig. 6 
follows the criteria suggested by Deng et al. (2013), with CADs belonging to Class I playing a major 
role in lignin formation (Sibout et al. 2003) and CADs belonging to Classes II and III involved in 
responses to biotic and abiotic stresses (Barakat et al. 2009).  
Our results show that, in the climacteric peach fruit, CAD activity, both in vitro and in gel, 
increased with ripening, concomitant with increasing ethylene emission (Figs. 2, 5 and 9). This 
increase seems in general related to increased levels of specific CAD isoforms (PRUPE_CAD sc8) 
and of their gene transcripts (Figs. 8-10). It is well known that the ripening process may be considered 
in itself a condition of stress accompanied by oxidative, senescence-related events (Seymour et al. 
1993). In this view, ethylene may have a function also as a regulator of a ripening-inherent fruit 
response to stress condition. In peach, possible occurrence of a stress situation in this developmental 
phase is indirectly suggested by the general decreases, with ripening, in defense mechanisms against 
oxidative stress (Prinsi et al. 2011) and, as described in the present work, in the concentrations of 
antioxidant molecules, i.e., total phenolics and anthocyanins, in MF fruit (Fig. 4A). Concerning CAD, 
experimentally imposed oxidative stress increases the expression of CAD genes in strawberry 
(Aharoni et al. 2002). In the non-climacteric loquat fruit, the expression of EjCAD1 (whose relative 
protein grouped in Class II) and the activity of CAD are enhanced upon exposure to low temperature 
with concomitant occurrence of oxidative stress; these responses are sensitive to ethylene and reversed 
by ethylene inhibitors (Cai et al. 2006a, 2006b), suggesting an involvement of specific CAD isoforms 
in the ethylene-mediated response to stress factors. In mangosteen, a CAD protein (ACN38061.1) is 
produced after mechanical injury, suggesting that this may also be a response to external stress 
(Bunsiri et al. 2012). The parallelism observed in our material between fruit ethylene emission, CAD 
activity, PRUPE_CAD sc8 gene expression and PRUPE_CAD sc8 protein accumulation may thus be 
interpreted hypothesizing that these isogenes/enzyme isoforms may play, in ripening peach fruit, a role 
related to still unraveled mechanism/s of stress response.  
PRUPE_CADs sc8 fall in Class I (Fig. 6), proposed to group lignification-related CADs. 
Nevertheless, in our material the ripening-related increases in PRUPE_CADs sc8 levels/activity 
appeared not related to flesh lignification (Figs. 8,9 and 4C). The classification proposed by Deng and 
coworkers (2013) needs therefore to be considered with some caution, also when considering 
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PRUPE_CAD sc6. In fact, Figure 6 shows that both the peach putative PRUPE_CADs sc61-5 and 
FaCAD, phylogenetically very close (Appendix S3 in Supporting Information), fall in the Class III 
(stress-response group), whereas their role appears more closely related to lignification processes. The 
expression of strawberry CAD increases in differentating vascular elements during achene 
development in ripening fruit (Aharoni et al. 2002, Blanco-Portales et al. 2002). Concerning 
PRUPE_CADs sc6, they were present only in the actively lignifying endocarp of Stage 2 ‘Springcrest’ 
peaches (data not shown), suggesting the hypothesis that these specific isoforms play a role in tissue-
specific lignification processes, essentially absent in the mesocarp of either NMF or MF peach fruit.  
The lack of protein accumulation in the presence of detectable levels of the corresponding 
transcripts, as observed for PRUPE_CADs sc8 (‘Oro A’, S3 and S4 I; ‘Springcrest’, S3-S4 III) and, to 
a lesser extent, for PRUPE_CADs sc6 (‘Sanguinella’ S3-S4 III; Figs. 8-10) may be interpreted by 
hypothesizing possible post-transcriptional regulatory events related to developmental stage and/or 
genotype.  
The relationship between in vitro CAD activity (Fig. 5) and lignin contents (Fig. 4C) resulted 
different in peach and loquat fruits (Cai et al. 2006a, 2006b, Shan et al. 2008). Our results show that, 
in peach, in vitro CAD activity, when present, was much higher than in loquat while the lignin 
amounts were similar in the two fruits. In our material, lignin levels and CAD activity did not seem 
unequivocally related. In fact, in ‘Oro A’ and ‘Sanguinella’, the lignin contents declined in the 
transition from Stages S3-S4 III (Fig. 4C), whereas in vitro and in gel CAD activity increased (Figs. 5 
and 9). Also in mangosteen the increase in lignin content is not accompanied by increased CAD 
activity (Dangcham et al. 2008), suggesting again that CAD may not always be directly involved in 
the production of the polymer. This seems reasonable if one takes into account that the final contents 
of lignin can also be affected by other reactions, downstream monolignol synthesis, that lead to 
polymer deposition (Vanholme et al. 2010, 2012). In ‘Springcrest’, presence of lignin in the mesocarp 
in the absence of detectable CAD activity (compare Figs. 4C and 5) could be possibly explained as the 
result of observed presence of high enzyme activity in the early fruit developmental phases S1 and S2 
(data not shown).  
In peach fruit, differently than what reported in loquat (Cai et al. 2006 a, 2006b), mangosteen 
(Dangcham et al. 2008), and strawberry (Ring et al. 2013), flesh firmness and lignin contents were not 
directly related. In fact, firmer NMF ‘Oro A’ fruit showed in S4 III much lower lignin levels than the 
softer MF ‘Springcrest’ and MF ‘Sanguinella’ ones (Fig. 3A).  
The physiological meaning of the very high presence/activity of PRUPE_CAD sc8 and of its 
corresponding transcripts, that substantially increased with ripening, in the mesocarp of blood-flesh 
‘Sanguinella (Figs. 5, 8-10), is presently of difficult explanation. Contrasting reports exist about the 
possible relationships between anthocyanin and lignin contents and CAD. In A. thaliana, 
hypolignification of stems, related to down-regulation of CAD, parallels accumulation of flavonol 
glycosides (Thévenin et al. 2011). In strawberry, reduced flux through the anthocyanin/flavonoid 
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pathway significantly increases lignin content whereas CAD expression remains unaffected (Ring et 
al. 2013). In the white-fleshed strawberry Fragaria chiloensis, a tendency to parallel increase in 
anthocyanin and lignin contents and CAD expression has been described (Concha et al. 2013). In 
blood-flesh ‘Sanguinella’ peaches, anthocyanin and lignin levels in the mesocarp showed the same 
tendency to decrease during ripening, whereas CAD presence/activity increased. This finding seems to 
confirm that CADs might play some role diverse than lignification during late fruit ripening. In 
japanese apricot a gene encoding a putative CAD is upregulated during ripening in parallel with lack 
of lignin increase (Mita et al. 2006); its expression in a non-lignifying tissue may be considered as 
indirect evidence for monolignol-derived, non-lignin end products (Goffner et al. 1998, Lewis and 
Yamamoto 1990, O’Malley et al. 1992). In in vitro cultures of Linum species, increased CAD activity 
was concomitant with lignan accumulation (Fuss 2007). CAD has also been speculated to be involved 
in the synthesis of cinnamyl alcohol derivatives responsible for fruit flavour (Aharoni et al. 2002 and 
references herein). Further work is needed to test this hypothesis in blood-flesh peach fruit. 
In conclusion, our results allow to exclude that, at least for the cultivars studied, a direct linkage 
exists in peach fruit between flesh firmness, lignin amounts and CAD activity, and that these are 
somehow involved in the determination of NMF phenotype.  
Unraveling of the precise physiological function of CAD activity, and of the roles of different 
CAD isoforms, in the mesocarp of ripening peach fruit needs further investigation. 
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Supporting information 
Additional Supporting Information may be found in the online version of this article: 
Appendix S1. Table 1. Sequences of the PCR primers used (Primer3 web resource; 
http://bioinfo.ut.ee/primer3/). 
Appendix S2. Figure 1. Alignment of the 24 deduced PRUPE_CAD proteins of P. persica and 
reciprocal identity scores. 
Appendix S3. Table 2: Identity scores of the 24 deduced PRUPE_CAD proteins of P. persica against 
strawberry FaCAD. 
Appendix S4. Table 3: Deduced molecular weights (Mw) and pIs of the putative P. persica 
PRUPE_CAD proteins. 
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Figure legends 
Fig. 1. Visual appearance of NMF ‘Oro A’ (A), MF ‘Springcrest’ (B) and MF ‘Sanguinella’ (C) peach 
fruit at S4 III ripening stage (white bar: 4 cm); colour index a* (D) and fresh weight (E) of NMF ‘Oro 
A’, MF ‘Springcrest’ and MF ‘Sanguinella’ peach fruit at three (S3, S4 I and S4 III) ripening stages. 
S3, S4 I and S4 III stages corresponded respectively to: ‘Oro A’, 98, 101 and 104 DAFB; 
‘Springcrest’, 70, 84 and 97 DAFB; ‘Sanguinella’, 138, 147 and 154 DAFB. For colour index a*, the 
results are presented as means ± SE of measurements on at least eight fruits from five different plants 
per each genotype (n=40); for fruit growth, the results are means ± SE of measurements on at least five 
fruits from five different plants per each genotype (n=25). Different letters indicate significant 
differences (P<0.05). Lower case letters refer to differences among ripening stages within each 
genotype; capital letters refer to differences among genotypes at the same ripening stage. 
Fig. 2. Ethylene emission by NMF ‘Oro A’, MF ‘Springcrest’ and MF ‘Sanguinella’ peach fruit at 
three ripening stages. Results are presented as means ± SE of measurements on at least three fruits 
from five different plants per each genotype (n=15). ND: not detectable. Different letters indicate 
significant differences (P<0.05). Lower case letters refer to differences among ripening stages within 
each genotype; capital letters refer to differences among genotypes at the same ripening stage. 
Fig. 3. Fruit firmness (A) and total soluble solids (SSC; B) in ‘NMF ‘Oro A’, MF ‘Springcrest’ and 
MF ‘Sanguinella’ peach fruit at three ripening stages. Results are presented as means ± SE of 
measurements on at least five fruits from five different plants per each genotype (n=25). Different 
letters indicate significant differences (P<0.05). Lower case letters refer to differences among ripening 
stages within each genotype; capital letters refer to differences among genotypes at the same ripening 
stage. 
Fig. 4. Total phenolics (A), anthocyanins (B) and lignin (C) contents in NMF ‘Oro A’, MF 
‘Springcrest’ and MF ‘Sanguinella’ peach fruit at three ripening stages. Results are presented as means 
± SE of two measurements from two separate extractions (n=4). ND: not detectable. Different letters 
indicate significant differences (P<0.05). Lower case letters refer to differences among ripening stages 
within each genotype; capital letters refer to differences among genotypes at the same ripening stage. 
Fig. 5. In vitro (‘bulk’) CAD activity in the mesocarp of NMF ‘Oro A’, MF ‘Springcrest’ and MF 
‘Sanguinella’ peach fruit at three ripening stages. Results are presented as means ± SE of three 
measurements from two separate extractions (n=6). ND: not detectable. Different letters indicate 
significant differences (P<0.05). Lower case letters refer to differences among ripening stages within 
each genotype; capital letters refer to differences among genotypes at the same ripening stage. 
Fig. 6. Phylogenetic relationship analysis of the 24 putative full-length PRUPE_CAD sequences and 
their grouping on the basis of proposed functional class (Deng et al. 2013). Clustal W 2.1 was used for 
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the alignment of sequences and the tree was constructed using Neighbor-joining method with 
MEGA4; each interior branch represents the percentage of bootstrap value (1000 replicates), and only 
those 50% are indicated by numbers. Amino acid sequences were retrieved from NCBI and 
Phytozome databases and their accession numbers are noted. The phylogenetic tree includes the 
following plant species: Arabidopsis thaliana (AtCAD1-AtCAD12); Aralia cordata (AcCAD); 
Artemisia annua (AaCAD); Camellia sinensis (CsCAD1-CsCAD3); Capsicum annuum (CaCAD); 
Eriobotrya japonica (EjCAD1); Eucalyptus botryoides (EbCAD); Eucalyptus gunnii (EgCAD); 
Fragaria × ananassa (FaCAD), Gossypium hirsutum (GhCAD1 and GhCAD6); Leucaena 
leucocephala (LlCAD); Lolium perenne (LpCAD); Medicago sativa (MsCAD1 and MsCAD2); 
Nicotiana tabacum (NtCAD1); Oryza sativa (OsCAD2); Petroselinum crispum (PcCAD); Populus 
tremuloides (PtCAD); Prunus mume (PmCAD); Prunus persica (PRUPE_CADs); Quercus suber 
(QsCAD); Saccharum officinarum (SoCAD); Triticum aestivum (TaCAD). PRUPE_CAD isoforms are 
identified by numbers of the scaffold (sc) where the encoding gene sequences are located.  
Fig 7. Alignment of amino acid sequences of putative PRUPE_CAD sc65 (GenBank accession 
PRUPE_ppa007622m) and PRUPE_CAD sc82 (PRUPE_ppa007736m) with CADs from other plant 
species. FaCAD, F. × ananassa (AAK28509.1); EjCAD1, E. japonica (ABV44810.1); PmCAD, P. 
mume (BAE48658.1); AtCAD4 and AtCAD5, A. thaliana (AAP59434.1 and AAP59435.1, 
respectively); CsCAD2, C. sinensis (ADO51749.1). Sequences of Zn1, Zn2 and coenzyme 
binding motifs are shown in boxes; the conserved amino acids in these binding motifs are 
evidenced in gray. In bold, underlined characters is indicated the PRUPE_CAD sc82 
immunogenic 15-amino acid sequence (positions 114-128) used for the development of specific 
polyclonal antibodies. 
Fig. 8. Levels of putative CAD (PRUPE_CAD sc6 and PRUPE_CAD sc8) isoforms in the 
mesocarp of NMF ‘Oro A’, MF ‘Springcrest’ and MF ‘Sanguinella’ peach fruit at three ripening 
stages. Immunoblotting of PRUPE_CAD polypeptides after SDS-PAGE. Loading (10 g protein per 
lane) was equal in all lanes; the results of one experiment, representative of three, are shown. Upper 
panel: probing with anti-FaCAD polyclonal antibodies; lower panel: probing with anti-PRUPE_CAD 
sc8 polyclonal antibodies.  
Fig. 9. In gel CAD activity and levels of PRUPE_CAD sc6 and PRUPE_CAD sc8 isoforms in NMF 
‘Oro A’, MF ‘Springcrest’ and MF ‘Sanguinella’ peach fruit at three ripening stages. Activity staining 
(uppermost panel) and immunoblotting of PRUPE_CAD proteins with anti-FaCAD (PRUPE_CAD 
sc6) and anti-PRUPE_CAD sc8 (PRUPE_CAD sc8) polyclonal antibodies (lower panels) were 
conducted after native-PAGE of mesocarp soluble proteins. Loading (10 μg protein per lane) was 
equal in all lanes; the results of one experiment, representative of three, are shown.  
Fig. 10. Semi-quantitative gene expression analysis of PRUPE_CAD sc61-5 (PRUPE_ppa007622mg, 
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PRUPE_ppa007613mg, PRUPE_ppa007226mg, PRUPE_ppa016455mg, PRUPE_ppa007668mg), 
PRUPE_CAD sc81,2 (PRUPE_ppa007749mg and PRUPE_ppa007636mg) and PRUPE_ACO1 
(PRUPE_ppa008791mg) genes in NMF ‘Oro A’, MF ‘Springcrest’ and MF ‘Sanguinella’ peach fruit 
at three ripening stages. Primer sequences are reported in Appendix S1 in Supporting Information. A 
ribosomal PRUPE_S16 (PRUPE_ppa012996mg) gene was used as internal control. Gel images refer 
to one experiment representative of three.  
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